Future autonomous marine missions will depend on the seamless coordination of autonomous vehicles: unmanned surface vehicles (USVs), unmanned underwater vehicles (UUVs) and unmanned aerial vehicles (UAVs). Such coordination will enable important inter-vehicle applications such as autonomous refueling, high-throughput data transfer and periodic maintenance to extend the mission length. A critical enabling capability is the autonomous capture, retrieval and deployment of a UUV from a USV platform. As a first step toward solving this problem, we propose a performance specification that quantifies the necessary motion compensation required to safely and reliably operate a USV and UUV in concert in the dynamic marine environment. To accomplish this, we use a model-based approach to predict the motion of typical vehicles under the influence of the same sea conditions. We summarize the predictions succinctly using a scalar performance metric, the peak-to-peak vertical displacement, as a function of vehicle type, sea-state and vehicle formation.
Introduction S
oon, unmanned surface vehicles (USVs) will autonomously capture, recover and deploy unmanned underwater vehicles (UUVs), creating a heterogeneous vehicle network. The Navy has already voiced a need for this capability. The current USV Master Plan calls for moving beyond the situation where, "today's fielded autonomous systems consist of individual vehicles that provide data for follow-on decision making." Instead, "future USV systems may deploy UUVs to gain the advantage of higher area coverage rates through multiple, simultaneous operations" (U.S. Navy, 2007) .
The ability of a USV to autonomously capture, recover and deploy a UUV is a foundational technology, enabling a variety of mission-specific applications. For example, UUVs of today operate with limited endurance. In the future, UUVs will autonomously refuel from the nearest USV. As endurance limits expand, maintenance and repair requirements will become the binding constraints to UUV mission length. Autonomous maintenance and repair are one way of addressing this constraint, and a critical enabling technology will be UUV capture, recovery and deployment from a USV platform. Another example that could leverage autonomous deployment and recovery capabilities is the mine countermeasure mission. The Navy envisions both "remotely operated vehicle (ROV)-type neutralizers automatically deployed by the USV" as part of future neutralization systems and "stationary explosive charge delivered to the mine danger area and deployed by the USV transporter" (U.S. Navy, 2007) .
Approach
Any successful USV-UUV capture, recovery and deployment system must compensate for the relative motion between the surface platform and submerged vehicle. We propose a first step in addressing this technological need-a sea-state-dependent performance requirement based on the seakeeping dynamics of two such vessels and their formation geometry. We use a single metric to summarize the motion compensation requirement, the peak-to-peak vertical displacement (PVD). The PVD is the maximum amplitude of the alternating component of the vertical offset between the USV and UUV when acted upon by a common sea condition. This measurement summarizes the worst-case peak-to-peak displacement over a statistically significant time-history.
Quantifying this dynamic inter-vehicle motion provides designers with a key parameter for evaluating the feasibility of a potential launch and recovery solution. As an illustration, we might consider one particular scenario: an 11-m Fleet Class USV (11 m) attempting to capture and recover a Man Portable UUV (2 m) in sea-state 4. The USV could utilize an existing design such as commercially available sternmounted or crane-based launch and recover systems. However, a new solution might directly address the challenge of executing this operation autonomously. In either case, a PVD value of 1.25 m for this scenario would specify that any successful solution would need to actively compensate for displacement between the two vehicles of 1.25 m. As a design requirement, this quantitative measure of performance will guide development and can be used to quickly ascertain the feasibility of potential solutions.
In this article, we describe a modelbased approach to quantify the design requirements for autonomous USV-UUV capture, recovery and deployment. The predictive modeling combines stochastic representations of sea-state with the three degree-offreedom dynamic responses of the surface (USV) and submerged (UUV) platforms. This quantitative analysis leads to both frequency-domain and time-domain descriptions of the motion of both platforms. Figure 1 illustrates our modeling process.
Our view is that a model can only be expected to approximate reality and not duplicate it. Thus, we do not claim that the simple models used in this analysis are absolutely precise, but that they are useful in bounding the design requirements of a USV-UUV coordination system. We substantiate this claim of utility by comparing our model predictions to experimental evidence.
Related Work
Engineering models are used to aid in design decisions by providing a surrogate for costly experimentation and prototype development. Much of the current research on dynamic models for USVs and UUVs is aimed at aiding the design of feedback control algorithms. For surface vehicles, these models, based on naval architecture techniques, predict the response to thrust and rudder commands to predict the stability and performance of guidance and control techniques. The quality of the predictions can be determined by carefully instrumented sea trials to identify the hydrodynamic characteristics of the vessel (Krishnamurthy et al., 2005; Caccia et al., 2008) . Similar model identification approaches have been used to aid in developing flight controllers for UUVs where accurate system parameter estimates are used to improve the control performance (Prestero, 2001; Rentschler et al., 2006) . Such models make use of standard techniques from the hydrodynamics
FIGURE 1
Flowchart illustration of the modeling process to derive design parameters based on the relative motion of a USV and UUV.
community to improve the maneuvering of single vehicles. This type of model relies on detailed treatments of the kinematic and hydrodynamic aspects of the model and uses stochastic disturbance models to capture the impact of environmental factors such as waves, wind and current.
Another topic of research interest has been the modeling and control of multiple coordinating vehicles. In contrast to the detailed hydrodynamic models for single vehicles, research on multivehicle control makes use of simplifying assumptions to analyze questions of stability and controllability. For example, coordinating underwater gliders for the Autonomous Ocean Sampling Network (AOSN II) program required developing control laws for formation flying and feature tracking. Analysis of this complex situation required assuming point mass dynamics for each vehicle and full actuation (Fiorelli et al., 2006; Zhang et al., 2007) . Similar control theoretic approaches have been proven useful in determining the required communication to realize the stabilizing decentralized control of a set of UUVs (Stilwell and Bishop, 2001 ).
This work is situated between these two extremes in the literature. We use vehicle models much simpler than the full hydrodynamic studies of single platforms because we are interested in aggregate summations of behavior for design instead of predicting the performance or stability of an individual controller. However, because we are interested in how the vehicle dynamics and environmental forcing functions drive our design choices, we do use vessel dynamics and seastate models which are of greater complexity than those typically used for multiple underwater vehicles. This compromise is motivated by the need to predict the performance currently available by operational assets working in a complex, dynamic ocean environment.
Modeling for Design
As illustrated in Figure 1 , we use simple models to describe the sea height, which simultaneously drives both the USV and UUV response, each in three degrees of freedom. This section describes our implementation of the PiersonMoskowitz (PM) wave spectrum and the frequency-domain response in heave, pitch and roll for both the surface and submerged vessel.
Statistical Description of Surface Waves
The notion of sea-state concisely describes the wind and wave conditions with a single number (see Table 1 ). Our goal is to translate a sea-state specification to a stochastic time-domain representation of the sea surface, which drives the vessel response. We make this connection using the PM spectra for a fully developed sea (Pierson and Moskowitz, 1964) , a standard description in the ocean engineering community (S. Committee and International Towing Tank Conference, 1984; Waves and International Towing Tank Conference, 2002) .
The PM spectrum captures the sea surface characteristics as a stationary random process based on a two key parameters: significant wave height (H 1=3 H13 ) and mean wave period (T 1 ). These parameters describe a power spectral density (S(ω)) as a function of the temporal frequency (ω), for a particular sea-state (Faltinsen, 1990 ).
By sampling the PM spectrum in equation (1), we build a description of the surface height (h(t,x)) as the sum of N discrete spatio-temporal waveforms.
where A j is the amplitude of the wave spectral component determined by the PM wave spectrum, k j is the spatial wave number (inverse of wave length) and ε j is a random phase component. The spatial wave number and temporal frequency are related by the following dispersion relation based on the free surface boundary condition (Newman J. N., 1977) .
where g is the acceleration of gravity. These three equations (1-3) provide a stochastic description of sea surface based on the general idea of sea-state. This spatiotemporal description of the free surface is the driving input for the USV and UUV response.
Pitch and Roll Spectra
In the same way that the sea surface height drives the heave response, the sea surface angle drives the pitch (and roll) response. The spatial derivative of the height expression in equation (2) leads directly to an expression of the sea surface pitch angle response (ϕ(t,x)).
Similarly, the y wave height spectrum in the transverse direction results in an expression for the sea surface roll angle.
Motion at Finite Depth
The sea-state simultaneously drives both the surface and the submerged vessel motion. To capture the subsurface fluid motion, we use the commonly accepted expression for the exponential decay of the wave motion with increasing depth expressed as
where k j is the wave number component and d is the depth. To account for vessel depth, this multiplicative factor (δ ) is applied to the heave, pitch and roll forcing functions.
Vehicle Modeling
We predict the vehicle response in heave, pitch and roll by using the fluid motion expressions to drive lumped parameter models that capture the temporal and spatial characteristics of USVs or UUVs. Concurrently, predicting the motion of both vehicles in the same sea-state allows us to characterize the relative motion between the USV and UUV-the key factor for guiding the design of capture and retrieval motion.
Temporal Response: Heave, Pitch and Roll
The temporal response of each of the three degrees of freedom for both the USV and UUV is modeled as a second-order linear system. Damping in heave, pitch and roll is unknown and can vary for different hull types and vessel characteristics. The results that follow are based on a general assumption that the linear damping ratio will be between 0.1 and 0.707. We find that the resulting design parameters are insensitive to damping values in this range.
The key determining parameter is the natural period (frequency) for each degree of freedom. We also assume that there is no coupling between heave, pitch and roll, i.e., each degree of freedom is independent. The natural period in heave (T n3 ) depends on the mass of the vessel (M ), the added mass (A 33 ) and the waterplane area (A w ) (Faltinsen, 1990) .
where ρ is the fluid density. The natural period of pitch T n5 is
where GML is the longitudinal metacentric height, V is the displaced volume, r 55 is the pitch radius of gyration and A 55 is the added moment of inertia. The natural period in roll T n4 is
where GMT is the transverse metacentric height, r 44 is the roll radius of gyration (typically 0.35 times the beam) and A 44 is the added roll moment of inertia. Figure 2 shows an example of this temporal response in two degrees of freedom. The particular example shows the wave height spectrum for sea-state 4 along with the temporal heave and pitch response. Using equation (4), the wave height spectrum leads directly to the pitch spectrum shown in the lower set of axes.
N

Spatial Response: Pitch and Roll
In addition to the temporal response, the spatial extent of the vessel modulates the pitch and roll movement. We use a first-order spatial response filter to capture this behavior. In the pitch direction, the wave number spectral cutoff is K c = 1 L KC=1L where L is the length at the waterline. In the roll direction, the spectral cutoff is
where B is the vessel beam.
Summarizing Performance Requirements
Using modeling tools described above, we can predict the motion of a USV and UUV in a common sea condition. The output of this process is a time-history of the three degrees of freedom, USV heave, pitch and roll, and the same three degree-of-freedom solution for a coordinated UUV. To characterize the design requirements, we predict the motion of the USV-UUV system for a variety of operational scenarios. This sensitivity analysis results in an ensemble of simulation results, which allow us to infer the influence of a variety of key performance factors: sea-state, USV type, UUV type and USV-UUV formation. The final result is a measure of the sensitivity of the design requirement with respect to changes in the system, an important tool when the designer weighs various tradeoffs. The key design configurations we examine include the following factors: ■ Sea-state: We consider sea-state 2 through sea-state 5 using the parameters listed in Table 1 .
■ USV Type: Based on the Navy's standard USV classes, we model the dynamics of three classes of USV: the Fleet Class (11 m), the Harbor Class (7 m), and the X-Class (3 m) (U.S. Navy, 2007 Navy, 2004) . ■ USV-UUV Formation: In contrast to the factors listed above, the relative geometric configuration, i.e., the formation, of the two platforms is not standardized. Therefore, we propose three particular relative geometric configurations, shown in Figure 3 , to capture the variety of possible configurations. 1. Amidships: In this arrangement, the vessels are aligned vertically, i.e., the UUV is directly below the USV. Relative heave motion dominates the relative displacement. 2. Astern: In this arrangement, the bow of the UUV is directly below the stern of the USV. Relative heave and the pitch of each vessel dominate the relative displacement. 3. Alongside-Astern: In this arrangement the bow of the UUV is directly below the stern of the USV and the starboard side of the UUV is directly below port side of the USV. All three degrees of freedom (heave, pitch and roll) contribute to the relative displacement.
FIGURE 2
Temporal response spectra for sea-state 4 shown as the power spectral density for heave and pitch, i.e., squared amplitude per unit frequency as a function of frequency. The vessel response is determined by the heave/pitch natural periods (T n 3 = T n 5 = 7.5 s (0.13 Hz)) and highly damped heave/pitch damping (ζ = 0.707 To summarize the pertinent simulation results, we use the PVD metric defined above as the maximum peakto-peak amplitude of the alternating component of the vertical offset between the USV and UUV. Because this succinct, scalar performance metric summarizes the relative displacement time-history, the PVD must be obtained from a statistically significant sample. In each case, the simulation results used to estimate the PVD include at least 150 cycles of the dominant period (Waves and International Towing Tank Conference, 2002), resulting in a simulated time-history of roughly 25 min for each design scenario. This metric quantifies the requisite motion cancellation to safely and repeatedly capture, retrieve and deploy a UUV from a USV platform.
Illustrative Examples
The following examples illustrate the method of simulating the vessel response to particular sea conditions. The first example shows the time-history results from considering one particular combination of sea-state, USV type, UUV type and geometric configuration. Next, we show how we expandthis treatment to examine how sea-state and geometric configuration influence the vessel dynamics and the relative displacement between the USV and UUV.
Particular Example
The key parameters for one particular example are shown in Table 2 . The heave natural period is calculated from the actual physical parameters (equation (6)), but the pitch and roll periods are estimated. The pitch natural period is assumed to be similar to the heave natural period (Faltinsen, 1990) . The roll natural period is estimated based on typical vessels of similar size and shape.
One output of the simulation is a concurrent time-history of the state of both the USV and UUV in response to the sea conditions. This record of heave, pitch and roll is one possible instance of these results, generated from the stochastic characterization of seastate and the vessel dynamics. Figure 4 shows a snapshot of the time-history to illustrate the particular configuration. This time-history provides an estimate of the relative motion on the USV and UUV and the bases for calculating the PVD metric.
Sensitivity with Respect to Geometric Configuration and Sea-State
Each particular case, such as the one described above, results in a PVD metric that summarizes the USV-to-UUV motion for that set of parameters. Next, we present a set of sensitivity studies that build on these individual configurations to quantify how
FIGURE 3
Illustration of the three USV-UUV configurations considered as possible capture and recovery scenarios: Amidships, Astern and Alongside-Astern. sea-state, vehicle type and geometric formation affect the requirements for capture, recovery and deployment. For example, based on the results of the previous section, we can begin to ask questions such as, "How does the choice of UUV type influence the relative displacement between USV and UUV?" or "How does the USV-UUV formation influence the relative displacement?" Figure 5 illustrates the relative vertical displacement between the Fleet Class USV of Table 2 and three types of UUV for the three possible USV-UUV formations. Here, we notice that the variation across various UUV platforms is small. The small manportable vehicle and the heavy weight vehicle each have a similar relative displacement relative to the USV. In contrast, the geometric configuration has a larger effect on the relative displacement. We can see in the lower two plots that the Astern and Alongside-Astern configurations have a much larger relative displacement between the USV and UUV. The reason for this larger relative displacement is that, in the Astern and Alongside-Astern configurations, the relative displacement is measured from the stern of the USV. In such cases, the pitch response of the USV causes an increase in the relative displacements.
Proposed Design Parameters
To elucidate the important system trades in the design of a capture, retrieval and deployment system, we performed a full set of sensitivity studies, exploring variation in sea-state, USV type, UUV type and geometric configuration. Similar to the examples above, each configuration was examined by predicting the time response through simulation and then summarizing the time response using the PVD performance metric. Based on these results, we propose the set of design parameters listed in Table 3 .
In addition to the summary design in Table 3 , exploring the sensitivity of the PVD requirement to the configuration parameters also provides insight into how the configuration choices affect the challenge of autonomous capture, recovery and deployment. The influence of these factors is listed below in order of impact: ■ Sea-State has the largest impact on the PVD requirement. This is evident across the rows of Table 3 . ■ USV-UUV Formation also has a large impact on the relative vertical displacement. The columns of Table 3 quantify this sensitivity with respect to vessel to vessel configuration. Notice that the Astern PVD values are almost as large as the values for the Alongside-Astern configuration for a given sea-state condition. The Alongside-Astern configuration requires much more dynamic range (a factor of three) than the simple vertical alignment. This result indicates that the pitch response dominates the vertical displacement for the USVs and UUVs considered; the roll response is less important. ■ USV Class has a moderate impact on the relative displacement, mostly because an increase in length corresponds to a longer moment arm, amplifying the pitch contribution to vertical displacement. This is especially true for the Astern and Alongside-Astern configurations. In the Amidships configuration, the vessels are vertically aligned, and the
FIGURE 4
Illustration of the combined heave/pitch/roll temporal response for sea-state 4. The vessel characteristics are listed in Table 2 . Notice that the USV has a large roll response, whereas the UUV has almost no roll response. This lack of UUV roll response is because of the large roll period (T n 4 ) of a submerged vessel.
Spring 2009 Volume 43, Number 2 pitch, and hence the vessel length, does not affect the displacement. ■ UUV Class has the least impact on the vertical displacement requirements. This is because the UUVs are relatively short, so their length does cause as much amplification of the pitch response. Submerged vessels also have a substantially smaller roll response than surface vessels.
It should be noted that the UUV depth is not a major factor in determining the PVD metric. Because the metric focuses on the amplitude of the alternating displacement, and not the mean offset, the depth has only a small influence on the PVD results.
Experimental Results
We do not claim that the models for sea-state and vessel response absolutely duplicate reality, but only that they provide a useful representation of the aggregate vessel motion for designing a USV-UUV capture, recovery and deployment system. To substantiate this claim of utility, we present model predictions of a vessel response compared to experimental measurements of a small coastal vessel undergoing near-shore sea trials. This comparison between model and experiment is made based on three response characteristics: the dominant response amplitude, the dominant response period and the overall spectra power. The aim of this comparison is to determine the efficacy of the two most important portions of our approach: 1. The applicability of PM spectra for capturing sea conditions that are not fully developed 2. The applicability of the simple uncoupled, lumped parameter vessel dynamics to predict the response for a given sea condition
Experimental Setup
The experimental evidence we use to evaluate the utility of our approach is a set of sea trials conducted on a small coastal vessel (see Table 4 ) near Boston Harbor. The trial consisted of a set of short tests where the ship navigated on a single course at a single speed for approximately 10 min. The vessel was instrumented with GPS
FIGURE 5
Sensitivity of relative vertical displacement with respect to variation in UUV type (MP, LWV, HWV) and geometric configuration (Amidships, Astern, Alongside-Astern). The vertical axis of each plot shows the displacement between the UUV and USV position. The PVD is calculated directly from such a time-series but with a much longer record.
TABLE 3
Design parameters as PVD values for four sea-states and three USV-UUV formations. These values are valid for all three classes of UUV (man-portable, light weight and heavy weight) when operating in concert with a Fleet Class 11-m USV. and attitude sensors to record the position, speed and attitude information. This protocol produced a set of 20 data records, one for each distinct trial. Because the sea trials were conducted near a NOAA data buoy (Station 44013, 16 nm east of Boston, MA), we also have real-time observations of the aggregate sea-state during the trials.
Environmental Inputs
Sea
To evaluate the utility of the seastate and vessel response models, we consider four particular sea trials (numbered 9, 10, 15 and 16 in the arbitrary sequence of the experiment). These four trials were chosen because they were conducted at the lowest vessel speeds (4.0 and 2.5 knots). 
Input: Summarizing Wave Spectra
One reason for the experimental consideration is to determine the applicability of PM spectra for capturing sea conditions that are not fully developed. Table 5 shows the observations summarizing the sea-state. The coastal sea condition during the sea trials consists of two fundamental wave types: short period wind-driven waves combined with a long period swell. To capture this condition, we combined two PM spectra as shown in Figure 6 . During the 4-h experiment, the sea condition, as reported by the buoy, was statistically constant.
Experimental Results: Comparison of Model Predictions and Experimental Observations
To compare the model and experiment, we examine the power spectral density estimates for heave, pitch and roll. The experimental values are calculated directly from the attitude sensor time records for the four pertinent experiments. The model predictions are a result of using the combined PM spectrum in Figure 6 to drive the dynamic model of the surface vessel.
The heave spectra, predicted and experimental, are plotted together in Figure 7 . From this image, we can see that the dominant heave period and amplitude of the experimental results are within 10% of the predicted response. However, the predicted spectrum is wider than the experimental power spectral density, indicating The forward speed of the vessels is not directly considered. This assumption is because of the small speeds of typical UUVs (6 knots), indicating that most launch and recovery tasks will take place at minimal speeds. Significant forward speed will have the effect of decreasing the period of motion and increasing the bandwidth requirement.
FIGURE 6
Illustration of the "Combined" spectrum created by summing two Pierson-Moskowitz (PM) spectra: the "Swell" component (11.2-s period) and the "Wind" component (3.6 s).
Spring 2009 Volume 43, Number 2 that more power is present in the predicted response. One possible cause of this difference is the assumed level of damping in the vessel heave response. This dynamic characteristic is challenging to estimate empirically, and overestimating the parameter would result in a widening of the spectrum, as shown in Figure 7 . The pitch and roll spectra also exhibit encouraging correspondence between the model prediction and experimental evidence. Figure 8 illustrates the power spectral density comparison for the pitch response.
2 In both cases, the amplitude and power (spectrum width) give rise to similar time histories. Also, in both cases, the dominant period of the predicted model is shorter than the empirical evidence. The likely reason for this discrepancy is the rough estimate of vessel characteristics used to make the prediction, where the distribution of mass on the vessel is likely a critical factor. Presumably, the heave, pitch and roll periods would be available from vessel testing. It is important to note that this mismatch does not affect the overall results. Although it is important to match the dominant period, it is more important that the model predicts the aggregate power of the pitch and roll signals. Figure 9 presents anecdotal evidence of the efficacy of the predictive model to help interpret the spectra. It is neither possible nor advisable to have a phase agreement between these time histories; the model is inherently probabilistic. As such, the instance shown is only a visual representation of the more fundamental spectral characterization. However, these time histories serve to qualitatively illustrate the model and experimental agreement.
2 The roll response is very similar and omitted for brevity.
FIGURE 7
Heave spectra for a simple model and four trials. The dominant period and spectra amplitude both correlate extremely well for all four experimental cases.
FIGURE 8
Pitch spectra for a simple model and four trials. Notice the variance in the experimental spectra amplitude. The model amplitude correlates well. The model underpredicts the dominant pitch period.
Summary of Experimental Results
These results illustrate the agreement between the model predictions and the sea-trial evidence. This agreement is best quantified by considering the vessel response spectra in heave, pitch and roll. More specifically, we consider three spectral characteristics when making comparisons between model-predicted and empirical spectra: 1. Dominant Spectrum Amplitude 2. Dominant Spectrum Period 3. Average Spectrum Power
The amplitude and spectral power are shown to agree between four pertinent sea trials and an approximate model. The difference in amplitude and spectral power is typically 10-20%. For the heave spectra, the dominant period also agrees well within 10%. However, the dominant period of the pitch and roll spectra shows a difference between the model and evidence of a factor of 2 or a factor of 4. This variation is not unexpected given coarse estimates of the pitch and roll period available from the ship parameters. Importantly, this disparity does not have a large effect on the temporal results and the resulting performance predictions because of the high agreement in overall pitch and roll spectral power. These experimental results, along with the standard methods used in creating the models, substantiate the summary performance requirements previously proposed.
Anecdotally, this process of matching the experiment and model results has shown that the modeling approach is insensitive to changes in the vessel characteristics. Instead, the sea-state parameters (significant wave height and average period) dominate the model output. This insensitivity is a very positive quality for a theoretical model used to guide performance constraints and design decisions.
Discussion and Conclusions
This document describes the modelbased development of quantifiable design parameters to support autonomous USV-UUV capture, recovery and deployment. The culmination of this effort is a set of proposed design parametersquantified requirements that must be met by any proposed design for capturing a UUV from a USV platform. The scalar performance metric is reported as the peak-to-peak vertical displacement to summarize the required motion cancellation for a candidate solution. These results are summarized in Table 3 for sea-state 2 to 5 and three USV-UUV formations.
The predictive models are based on simplifying assumptions: the wave conditions are modeled as a well-developed sea-state using the PM spectrum, the spatial and temporal vessel responses are modeled as lumped parameter systems and the dynamic characteristics of these systems are calculated (or estimated) from basic vessel specifications. To assess the utility of these modeling assumptions, we compared model predictions to experimental evidence from sea trials. This comparison showed sufficient agreement to justify bounding the design requirements using the simulation results. This empirical agreement serves to substantiate the model predictions, enabling the design decisions to be based on the succinct design requirements listed in Table 3 .
FIGURE 9
Snapshot of the time-history from one particular trial shown with one possible outcome of the stochastic model. This figure is qualitative and is meant to illustrate the comparison between the empirical data and model prediction.
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The objective of this work is to present guidance for the development of coordinating technologies for simultaneous USV-UUV operations. The PVD performance metrics provide a quantitative tool for evaluating the applicability of candidate solutions to this important problem.
Future Work
A natural next step in this effort is to examine the coordination of an unmanned aerial vehicle (UAV) with a USV. Unlike the USV-UUV modeling presented here, the UAV and USV models will likely be uncoupled. Such models would provide bounding design parameters to guide designs for USV-UAV capture, retrieval and deployment.
Also, refining the predictive models and performing more detailed experiments would likely result in better agreement between model and experiment. It is our belief that the level of model complexity presented here is suitable for understanding and quantifying the design environment, but more detail will certainly be required as the technology for autonomous capture, retrieval and deployment continues to develop. For example, the model could take into account the ship wave and boundary flow around the USV. Because the capture and recovery evolution will likely occur at slow speeds, this would likely be a secondary consideration. Similarly, it would be ideal to repeat the sea-trial experiments with a USV and UUV simultaneously instead of just the coastal vessel data used in this work.
